Although the hippocampus plays a crucial role in the formation of spatial memories, as these memories mature they may become additionally (or even exclusively) dependent on extrahippocampal structures. However, the identity of these extrahippocampal structures that support remote spatial memory is currently not known. Using a Morris water-maze task, we show that the anterior cingulate cortex (ACC) plays a key role in the expression of remote spatial memories in mice. To first evaluate whether the ACC is activated after the recall of spatial memory, we examined the expression of the immediate early gene, c-fos, in the ACC. Fos expression was elevated after expression of a remote (1 month old), but not recent (1 d old), water-maze memory, suggesting that ACC plays an increasingly important role as a function of time. Consistent with the gene expression data, targeted pharmacological inactivation of the ACC with the sodium channel blocker lidocaine blocked expression of remote, but spared recent, spatial memory. In contrast, inactivation of the dorsal hippocampus disrupted expression of spatial memory, regardless of its age. We further showed that inactivation of the ACC blocked expression of remote spatial memory in two different mouse strains, after training with either a hidden or visible platform in a constant location, and using the AMPA receptor antagonist CNQX. Together, our data provide evidence that circuits supporting spatial memory are reorganized in a time-dependent manner, and establish that activity in neurons intrinsic to the ACC is critical for processing remote spatial memories.
Introduction
Experiments using lesion, electrophysiological, genetic, and neuroimaging approaches have helped to establish that the hippocampus plays an essential role in the formation of spatial memories (O'Keefe and Nadel, 1978; Burgess et al., 2002; Morris et al., 2003; Nakazawa et al., 2004; Leutgeb et al., 2005) . However, as spatial memories mature they may become additionally (or even exclusively) dependent on extrahippocampal structures. Perhaps the best evidence that spatial memories eventually become dependent on extrahippocampal structures comes from neuropsychological studies of two patients: E.P. and K.C. (Teng and Squire, 1999; Rosenbaum et al., 2000) . These patients both suffered substantial damage to the medial temporal lobe that resulted in extensive (or almost complete) lesions of the hippocampus. As in other patients with hippocampal lesions (Smith and Milner, 1981; Cave and Squire, 1991; Maguire et al., 1996) , E.P. and K.C. both have difficulty acquiring new spatial information.
However, memory for similar spatial information that was acquired in the remote past is largely spared (Teng and Squire, 1999; Rosenbaum et al., 2000) . Although it is a matter of debate whether these remote, hippocampal-independent spatial memories retain as much detail as those in control subjects (Rosenbaum et al., 2004; Clark et al., 2005a,b) , these studies nonetheless indicate that spatial memories may become, at least partially, supported by extrahippocampal structures over the course of time. The identity of extrahippocampal regions that may support remote spatial memory is currently not known.
Recently, the medial prefrontal cortex (mPFC) has been shown to play a key role in the expression of remote memory (Frankland and Bontempi, 2005) . The medial prefrontal cortex consists of several highly interconnected regions, including the anterior cingulate cortex (ACC), and prelimbic and infralimbic cortices. These regions are reciprocally connected to sensory, motor, and limbic cortices (Uylings et al., 2003) and they are therefore ideally situated to integrate and synthesize information from a large number of different sources. Lesions of the mPFC (including the ACC and prelimbic cortex) disrupted expression of remote (month old), but not recent (day old), trace eye-blink conditioning memories (Takehara et al., 2003) . Similarly, pharmacological inactivation of the ACC specifically disrupted expression of remote, but not recent, contextual fear (Frankland et al., 2004 ) and five-arm discrimination (Maviel et al., 2004 ) memories. To evaluate whether the ACC plays a similar role in spatial memory, we trained mice in the Morris water-maze task (Morris et al., 1982) . Using two complementary approaches, our data suggest that the ACC plays a specific role in processing remote spatial information. First, we found that the ACC is activated after remote, but not recent, probe tests. Second, we found that inactivation of the ACC blocks expression of remote, but not recent, spatial memory.
Materials and Methods
Mice. Male offspring from a cross between C57BL/6NTacfBr [C57B6] and 129Svev [129] mice (Taconic Farms, Germantown, NY) were used in the majority of these experiments. These mice were bred in our colony at The Hospital for Sick Children, and were maintained on a 12 h light/dark cycle with access to food and water ad libitum. In one experiment we used C57B6 mice, purchased from Taconic Farms. All mice were at least 8 weeks of age at the start of experiments, and behavioral procedures were conducted during the light phase of the cycle. Experiments were conducted blind to the treatment condition of the mouse, and according to local animal care protocols.
Water maze and general training procedures. Behavioral testing was conducted in a circular water-maze tank (120 cm in diameter, 50 cm deep), located in a dimly lit room. The pool was filled to a depth of 40 cm with water made opaque by adding white nontoxic paint. Water temperature was maintained at 28 Ϯ 1°C by a heating pad located beneath the pool. A circular escape platform (10 cm diameter) was submerged 0.5 cm below the water surface and located in the one of the quadrants. For visible platform experiments, a cylindrical cue (4 cm diameter ϫ 4 cm) was added to the platform. The pool was surrounded by curtains, at least 1 m from the perimeter of the pool. The curtains were white, and had distinct cues painted on them.
Before the commencement of training, mice were individually handled for 2 min each day for 1 week. On each training day, mice received six training trials (presented in two blocks of three trials; interblock interval was ϳ1 h; intertrial interval was ϳ15 s). On each trial they were placed into the pool, facing the wall, in one of four start locations. The order of these start locations was pseudorandomly varied throughout training. The trial was complete once the mouse found the platform or 60 s had elapsed. If the mouse failed to find the platform on a given trial, the experimenter guided the mouse onto the platform. In these experiments, we used three different water maze training protocols. In the hidden version, the platform was submerged in a fixed location for all trials. In the visible/fixed version, the platform was marked by a visible cue and in a fixed location for all trials. In the visible/variable version, the platform was marked by cue, and its location was pseudorandomly varied on each trial between 4 different positions in the pool. In this version only, nonpatterned white curtains replaced the curtains containing distal cues to minimize reliance on spatial strategies. After the completion of training, spatial memory was assessed in a probe test. In this test, the platform was removed from the pool, and the mouse was allowed 60 s to search for it.
Behavioral data from training and the probe tests were acquired and analyzed using an automated tracking system (Actimetrics, Wilmette, IL). Using this software, we were able to record a number of parameters during training, including escape latency and swim speed. In probe tests, we quantified performance by measuring the amount of time mice searched the target zone (23 cm in radius, centered on the location of the platform during training) versus the average of three other equivalent zones in other areas of the pool (Moser et al., 1993; Moser and Moser, 1998; de Hoz et al., 2004) . These zones each represent ϳ15% of the total pool surface. Two additional analyses were performed. First, to evaluate the precision of search patterns (Moser et al., 1993) , we quantified exploration in three concentric circles (radii: 16 cm, 23 cm, and 28 cm) centered on the platform location. The regions represented by the inner, middle, and outer circles are of equal area (with each representing ϳ7% of the total pool surface). Second, to evaluate thigmotaxic behavior, we calculated the amount of time mice spent in the peripheral region of the pool (the area within 6 cm of the wall) (Martin et al., 2005) . This peripheral region represents ϳ19% of the total pool surface.
Fos immunocytochemistry.
In experiments examining Fos expression in the ACC, mice were perfused transcardially with 0.1 M PBS and then 4% paraformaldehyde (PFA) 90 min after the completion of behavioral testing. Brains were removed, fixed overnight in PFA, and then transferred to 30% sucrose solution and stored at 4°C. Fifty-micrometer coronal sections were cut and free-floating sections were prepared for immunocytochemistry using anti-Fos primary rabbit polyclonal antibody (1: 20000, Rabbit anti-Fos polyclonal IgG; Oncogene Research Products, Darmstadt, Germany) and a biotinylated goat anti-rabbit antibody (1: 2000, Biotin-SP-conjugated affiniPure Goat anti-rabbit IgG; Jackson ImmunoResearch, West Grove, PA) was used as a secondary. Staining was revealed using the avidin-biotin peroxidase method (Vectastain ABC kit; Vector Laboratories, Burlingame, CA) coupled to diaminobenzidine as chromogen. Quantitative analysis of Fos-positive nuclei was performed using the Image J processing system. Structures were anatomically defined according to a mouse brain atlas (Paxinos and Franklin, 2000) . Because we found no evidence for lateralization of Fos expression in the ACC in our initial analyses (left, 7.72 Ϯ 0.94; right, 7.14 Ϯ 1.11; F (1,5) ϭ 1.35; p Ͼ 0.05), immunoreactive neurons were counted unilaterally along the entire anterior-posterior extent of this region. In addition, Fos expression was quantified in subregions of the hippocampus (CA1, CA3, and dentate gyrus).
Surgery and pharmacological inactivation. Under chloral hydrate anesthesia and using standard stereotaxic procedures, stainless-steel guide cannulas (22 gauge) were implanted into the ACC (ϩ0.8 mm, 0 mm, Ϫ1.0 mm) or the dorsal hippocampus (dHPC) (Ϫ2.0 mm, Ϯ2.0 mm, Ϫ2.0 mm). Mice were allowed to recover for at least 1 week after surgery. Ten minutes before probe tests, mice received 0.5 l infusions of either drug or vehicle (PBS) at a rate of 0.2 l/min. In the majority of experiments, we used lidocaine (4%; Sigma, St. Louis, MO). In one experiment, we used 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 3 mM; Tocris, Ellisville, MO). The injection cannula (28 gauge) was left in place for 2 min after the infusion and the mice were returned to their home cages before testing.
Anatomical specificity is a critical issue when using pharmacological techniques to inactivate brain regions, and we used two approaches to evaluate both location and extent of infusion. First, in all mice cannula placement was verified histologically. At the completion of the experiments, mice were overdosed with chloral hydrate and perfused transcardially with saline, followed by 4% PFA solution to fix the brain tissue. Brains were removed, postfixed in 4% PFA solution, and cut into 50 m coronal sections on a cryostat. Sections were mounted on slides, stained with neutral red, and cannula placements were examined under a light microscope. Second, we examined Fos expression after water-maze testing in a subset of mice treated with CNQX. Using the same quantification methods described above, the extent of inactivation in CNQX-treated mice was estimated by defining a region where Fos expression was reduced by 50% or more relative to PBS-treated mice. Using this method, we found that Fos expression was reduced in a roughly circular region 1.0 -1.5 mm in diameter, below the tip of the injector (see Fig. 6e-f ). This indicates that infusions were largely restricted to the ACC, with limited diffusion to neighboring structures.
Experimental procedures. In the first experiment, we examined whether spatial memory testing induced Fos expression in the ACC. In this experiment, separate groups of mice were trained in either the visible/fixed or the visible/variable version of the water maze for 5 d. Then either 1 d (recent test: visible/fixed, n ϭ 8; visible/variable, n ϭ 8) or 30 d (remote test: visible/fixed, n ϭ 8; visible/variable, n ϭ 8) later they were given a probe test. In the second experiment, examining whether inactivation of the ACC or dHPC disrupted spatial memory expression, mice were trained in the hidden version of the water maze for 3 d. Spatial memory was then probed 1 d (PBS, n ϭ 13; ACC, n ϭ 10; dHPC, n ϭ 9) or 30 d (PBS, n ϭ 12; ACC, n ϭ 9; dHPC, n ϭ 10) later. Roughly half of the mice in the PBS group received infusions into the ACC, whereas the others received infusions into the dHPC. There were no differences between these two groups, and so they were combined. In the third experiment, C57B6 mice were trained for 7 d in the hidden version of the water maze. Spatial memory was then tested either 1 d (PBS, n ϭ 19; ACC, n ϭ 9; dHPC, n ϭ 7) or 30 d (PBS, n ϭ 23; ACC, n ϭ 8; dHPC, n ϭ 9) later.
Again, roughly half of the mice in the PBS group received infusions into the ACC, whereas the others received infusions into the dHPC. There were no differences between these two groups, and so they were combined. In the fourth experiment, mice were trained in the visible/fixed version of the water maze for 5 d, and then their spatial memory was tested 30 d later after infusions of either PBS (n ϭ 9) or lidocaine (n ϭ 11) into the ACC. In the final experiment, mice were trained in the hidden version for 3 d. Their spatial memory was assessed in a probe test 30 d later. Before this test, they received infusions of PBS (n ϭ 7) or CNQX (n ϭ 8) into the ACC. Four days later, they were given a second probe test, this time drug-free. After a further 20 d, they received two more drug-free probe tests: one probe test was conducted with the visual distal cues present, another probe test with the visual distal cues obscured by adding a black curtain around the perimeter of the pool. The order of these tests counterbalanced.
Results
The ACC is preferentially activated after expression of remote spatial memory The expression of the immediate early gene, c-fos, is correlated with levels of neuronal activity and can be used to track changes in the organization of memories at different times after learning (Kaczmarek and Robertson, 2002) . Therefore, we first used Fos immunocytochemistry to evaluate whether the ACC is preferentially activated after expression of remote spatial memory. Mice were initially trained to find a visible platform in a fixed location in the pool, and then memory was assessed in separate groups of mice in probe tests either 1 d (recent test) or 30 d (remote test) later. Over the 5 d of training, mice required progressively less time to escape to the platform (F (4,56) ϭ 69.44; p Ͻ 0.001) (Fig.  1a) , and there were no differences in escape latencies between mice assigned to the recent and remote groups [no significant effect of group (F (1,14) Ͻ 1) or group by training day interaction (F (4,56) Ͻ 1)].
This training schedule produced a stable and long-lasting spatial memory; mice showed a strong spatial bias for the area of the pool where the platform was located during training in the recent and remote probe tests. We quantified this spatial bias by comparing how much time mice spent searching the target zone (a 23 cm radius circular zone centered on the former platform location) versus the average time they spent searching equivalent zones in the other three quadrants (Moser et al., 1993; Moser and Moser, 1998; de Hoz et al., 2004) . ANOVA with group (recent vs remote) as a between-subjects variable and zone (target vs others) During training there were no differences in the mean latency to find the escape platform (left) or the average number of reinforced trials (i.e., when mice successfully found the platform) (right). Error bars indicate SE.
as a within-subjects variable revealed a significant main effect of zone (F (1,14) ϭ 21.96; p Ͻ 0.001), indicating that mice spent more time exploring the target zone compared with other zones. There was no significant effect of group (F (1,14) Ͻ 1) or group by zone interaction (F (1,14) Ͻ 1), indicating that mice performed similarly in the recent and remote tests (Fig. 1b) . Although performance was similar in the recent and remote probe tests, we found that Fos expression in the ACC was significantly higher after the remote, compared with the recent, probe test (F (1,13) ϭ 27.39, p Ͻ 0.001) (Fig. 1c-e) . This increase was evident throughout the rostral-caudal extent of the ACC, and was not limited to a particular layer, or subset of layers, within the ACC (Fig. 1k-l ) .
These results suggest that the ACC is preferentially involved in the processing of remote (compared with recent) spatial information. However, mice in the remote test group also had considerably less recent experience of being handled, swimming in the water maze, and so on. Therefore, it is possible that increased Fos expression might be confounded by nonspecific increases in arousal associated with the remote probe test. To control for this, we trained a second group of mice in a visible/variable version on the water maze. As in the previous experiment, the platform was marked by a visible cue. However, because (1) the position of the platform was pseudorandomly varied between four possible locations on each trial, and (2) the curtains containing distal cues were replaced with featureless white curtains, this version of the water maze discourages the development of spatial strategies. When trained in this way, mice required progressively less time to escape to the platform (F (4,56) ϭ 34.62; p Ͻ 0.001) (Fig. 1f ) , and there were no differences in escape latencies between mice assigned to the recent and remote groups [no significant group (F (1,14) Ͻ 1) or group by training day interaction (F (4,56) Ͻ 1)]. Consistent with the idea that training in the visible/variable version of the water maze discourages the development of a spatial bias, mice spent equivalent time searching in the target zone compared with other zones [no significant group (F (1,14) Ͻ 1), zone (F (1,14) ϭ 1.34; p ϭ 0.27) or group by zone interaction (F (1,14) Ͻ 1)] in the probe tests either 1 d or 30 d after training (Fig. 1g) . Most importantly, after this type of training, levels of Fos expression in the ACC were equivalent after the recent and remote probe tests (F (1,13) ϭ 1.11; p ϭ 0.31) (Fig. 1h-j) . These results, therefore, indicate that the increased Fos expression after remote memory testing in the first experiment is most likely related to the remoteness of the spatial memory, and not to differences in arousal at the recent and remote time points.
It is worth noting that this visible/variable version of the water-maze controls for both swimming experience and reinforcement during the training period. Both the amount of time taken to swim to the platform (visible/fixed, 11.73 Ϯ 1.04; visible/ variable, 12.61 Ϯ 1.20; F (1,28) Ͻ 1), as well as the frequency of reinforcement (visible/fixed, 28.63 Ϯ 0.54; visible/variable, 28.38 Ϯ 0.63; F (1,28) Ͻ 1) were equivalent during training in the two versions (Fig. 1m) . Other types of control conditions have been used, including swimming controls (Gusev et al., 2005) . However, whereas swimming controls equate swimming experience, reinforcement differs between groups and this may lead to differences in motivation and/or stress levels.
Fos expression in the hippocampus after recent and remote probe tests
We also examined Fos expression in the hippocampus after the recent and remote probe tests for mice trained in the visible/fixed and visible/variable versions of the water maze (Fig. 2) . In each of the hippocampal subregions, Fos expression was similar in the recent and remote probe tests, regardless of the type of training: CA1 [no main effects of training (F (1,27) ϭ 2.26; p Ͼ 0.05), retention (F (1,27) ϭ 2.10; p Ͼ 0.05) or training by retention interaction (F (1,27) Ͻ 1)], CA3 [no main effects of training (F (1,27) Ͻ 1), retention (F (1,27) ϭ 1.29; p Ͼ 0.05) or training by retention interaction (F (1,27) Ͻ 1)], and dentate gyrus (DG) [no main effects of training (F (1,27) ϭ 3.80; p Ͼ 0.05), retention (F (1,27) ϭ 2.17; p Ͼ 0.05) or training by retention interaction (F (1,27) ϭ 1.56; p Ͼ 0.05)]. In every case, levels of Fos expression in these tested mice were significantly greater than those in home-cage controls (n ϭ 5; t tests, all p values Ͻ 0.05), suggesting that performance (e.g., navigation), as well as mnemonic, aspects of water-maze testing contribute to activation of the hippocampus.
Inactivating the ACC disrupts expression of remote spatial memory
We next tested whether pharmacological inactivation of the ACC or dHPC disrupts expression of spatial water-maze memories. In this experiment, separate groups of mice were trained over 3 d to locate a hidden platform. During training, escape latencies declined over days (data not shown; F (2,114) ϭ 166.31; p Ͻ 0.001). After the completion of training, spatial memory was assessed in a probe test either 1 d (recent test) or 30 d (remote test) later. Mice treated with PBS before the probe test exhibited strong memory at both retention delays (Fig. 3a) . ANOVA with group (recent vs remote) as a between-subjects variable and zone (target vs others) as a within-subjects variable was performed on the probe test data for the PBS-treated mice. This analysis revealed a significant main effect of zone (F (1,23) ϭ 40.62; p Ͻ 0.001), indicating that mice searched selectively in the target zone that previously contained the escape platform. There was no significant group effect (F (1,23) ϭ 1.36; p ϭ 0.26) or group by zone (F (1,23) Ͻ 1) interaction, indicating that PBS-treated mice performed similarly in the recent and remote tests. In contrast, lidocaine infusions into the ACC disrupted performance in the remote, but not recent, probe test (Fig. 3b) . ANOVA revealed significant main effects of both group (F (1,17) ϭ 8.69; p Ͻ 0.01) and zone (F (1,17) ϭ 15.65; p Ͻ 0.01) and, most importantly, a significant group by zone interaction (F (1,17) ϭ 9.04; p Ͻ 0.01), indicating that mice spent more time searching the target zone (vs the other zones) in the recent, but not remote, probe test. Post hoc analyses (Neuman-Keuls; p values Ͻ 0.05) confirmed that lidocaine infusions into the ACC only disrupted performance in the 30 d, and not the 1 d, probe test. Inactivation of the dHPC disrupted performance in both the recent and remote memory tests (Fig. 3c) . ANOVA revealed no main effects of either group (F (1,17) Ͻ 1) or zone (F (1,17) ϭ 2.77; p ϭ 0.11). Although there was a significant group by zone interaction (F (1,17) ϭ 5.41; p Ͻ 0.05), post hoc analyses indicated that mice did not search significantly more in the target versus other zones in either the recent or remote probe tests (Neuman-Keuls; p values Ͻ 0.05). Finally, to examine the relative effects of inactivation of the ACC and dHPC on the expression of recent and remote spatial memory, we conducted ANOVA with infusion (PBS, ACC, and dHPC) as a betweensubjects variable and zone (target vs others) as a within-subjects variable. For the recent probe tests, these analyses revealed significant main effects of infusion (F (2,29) ϭ 11.66; p Ͻ 0.001) and zone (F (1,29) ϭ 40.02; p Ͻ 0.001), as well as a significant infusion by zone interaction (F (2,29) ϭ 3.92; p Ͻ 0.05). Post hoc analyses revealed mice in the PBS and ACC groups spent significantly more time in the target zone than those in the dHPC group. For the remote probe tests, these analyses revealed significant main effects of infusion (F (2,28) ϭ 8.20; p Ͻ 0.01) and zone (F (1,28) ϭ 11.38; p Ͻ 0.01), as well as a significant infusion by zone interaction (F (2,28) ϭ 10.01; p Ͻ 0.001). In this case, post hoc analyses revealed mice in the PBS groups spent significantly more time in the target zone than those in either the ACC or dHPC groups.
We next explored the nature of the deficits produced by these targeted inactivations in more detail. In initial training trials, naive mice tend to spend the majority of their time searching the periphery of the pool (Wolfer et al., 1998) . This thigmotaxic behavior tends to decline rapidly over training (Fig. 4) , suggesting that over time mice learn more effective search strategies (Martin et al., 2005) . In the current study, we observed a similar decline in thigmotaxic behavior in mice in the PBS-treated group (Fig. 4a) : the amount of time spent searching in the peripheral region of the pool (within 6 cm of the wall) declined dramatically from the first training trial (recent group, 57.27 Ϯ 2.63%; remote group, 62.27 Ϯ 2.74%) to the probe test (recent group, 4.11 Ϯ 3.11%; remote group, 9.70 Ϯ 3.23%) (main effect of training: F (1,23) ϭ 264.34; p Ͻ 0.001).
A similar decline occurred in mice in the ACC/lidocaine group (main effect of training: F (1,17) ϭ 114.33; p Ͻ 0.001) (Fig.  4b) , suggesting that inactivation of the ACC does not interfere with memory for procedural aspects of the task. The decline was less pronounced in the remote memory group (training, 53.81 Ϯ 5.25%; probe test, 18.79 Ϯ 3.82%). However, the time spent exploring this outer region in the probe is what would be predicted by a random search pattern because this outer region represents ϳ19% of the total surface of the pool (t (8) ϭ Ϫ0.04; p ϭ 0.97).
In the dHPC/lidocaine group, thigmotaxic behavior also declined from the first training trial to the probe test (F (1,17) ϭ 51.70; p Ͻ 0.001) (Fig.  4c) . Again, these mice tended to spend more time exploring the periphery of the pool in the probe tests compared with PBStreated mice (recent, 32.26 Ϯ 6.56%; remote, 24.85 Ϯ 6.22%). Nonetheless, these values do not differ significantly from what would be expected for a random search pattern in either case (recent: t (8) ϭ 2.12, p ϭ 0.07; remote: t (9) ϭ 0.90, p ϭ 0.39). Together, these analyses suggest that these targeted inactivations have selective effects on spatial memory and spare memory for procedural aspects of the task (i.e., mice remember to avoid the walls).
In some tasks, inactivating or lesioning the dHPC produces temporally graded effects on memory, with recent memories affected more profoundly than remote memories (Squire and Alvarez, 1995; Squire et al., 2001; Frankland and Bontempi, 2005) . Our analysis suggested inactivation of the dHPC has equivalent effects on performance in both the recent and remote probe tests. However, it is possible that inactivation of the dHPC results in less precise, but nonetheless partially spared, spatial preference in the remote test . To evaluate whether there is any evidence of a graded effect, we examined the precision of search patterns in the recent and remote probe tests (Moser et al., 1993). To do this we quantified exploration in three concentric circles (radii: 16 cm, 23 cm and 28 cm) centered on the platform location. The areas represented by the inner, middle, and outer zones are of equal area, and more precise searches should produce more pronounced searching in the inner versus middle versus outer zones, respectively. PBS-treated mice had precise search patterns, spending more time exploring the inner versus middle versus outer zones, respectively, in the probe tests (significant main effect of zone: F (2,46) ϭ 42.73; p Ͻ 0.001) (Fig. 4a) . There was no significant main effect of group (F (1,23) Ͻ 1) nor group by zone interaction (F (2,46) ϭ 1.45; p ϭ 0.25), suggesting that searches were equivalently precise at both time points. Mice receiving lidocaine infusions into the ACC only showed this precise searching pattern in the recent probe test (Fig. 4b) . ANOVA revealed significant main effects of both group (F (1,17) ϭ 9.81; p Ͻ 0.01) and zone (F (2,34) ϭ 20.76; p Ͻ 0.001) and, most importantly, a significant group by zone interaction (F (2,34) ϭ 4.16; p Ͻ 0.05), confirming that lidocaine infusions into the ACC only disrupted performance in the remote, and not the recent, probe test.
Analysis of probe test data in mice receiving lidocaine infusions into the dHPC provided no evidence for a graded effect on recent versus remote memory. Rather, mice spent equivalent amounts of time in each of the three zones in the probe tests (zone: F (2,34) ϭ 1.16; p ϭ 0.32) (Fig. 4c) . This was the case in both the recent and the remote probe test [no significant group by zone interaction (F (2,46) Ͻ 1)], suggesting that lidocaine inactivation of dHPC did not differentially affect the precision of recent versus remote spatial memory.
Inactivation of the ACC disrupts expression of remote spatial memory in C57B6 mice
Performance in learning tasks such as the Morris water maze is influenced by genetic background (Crawley et al., 1997) . Therefore, to explore the generality of our findings, we also examined the effects of these same manipulations in a different mouse strain (inbred C57B6 mice). In this independent series of studies we found that lidocaine-induced inactivation of the ACC and dHPC produced exactly the same pattern of results (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), suggesting that the roles of these regions in the expression of spatial memory are conserved across different genetic backgrounds.
Inactivation of the ACC disrupts expression of remote spatial memory after training with fixed, visible platform
In our initial immunocytochemical studies, mice were trained to find a fixed platform that was marked by a visible cue. So far, we only examined the effects of ACC inactivation on spatial memory expression after training in a hidden version of the water maze. Therefore, we next tested whether ACC inactivation impairs remote memory expression after training with a fixed, visible platform. During training, mice required progressively less time to escape to the platform (F (4,72) ϭ 74.69; p Ͻ 0.001), and there were no differences in escape latencies between groups [no significant main effect of group (F (1,18) Ͻ 1) or group by drug interaction (F (4,72) Ͻ 1)]. Inactivation of the ACC with lidocaine disrupted performance in the remote memory probe test 30 d after training (Fig. 5) . Whereas PBS-treated mice spent significantly more time exploring the target compared with other zones, this spatial bias was less pronounced in the lidocaine treated mice (significant group by zone interaction: F (1,18) ϭ 5.64; p Ͻ 0.05). Post hoc analyses showed that only the PBS-treated mice spent more time exploring the target zone compared with other zones ( p Ͻ 0.05). These data indicate that inactivation of the ACC with lidocaine disrupts expression of remote spatial memory, regardless of whether the platform was visible or hidden during training. Im- mediately after the probe test, PBS-and lidocaine-treated mice were given a second test, where the escape platform was placed back into the pool and marked by a visible cue. In this test, both PBS-and lidocaine-treated mice found the platform quickly, and there was no difference in their escape latencies (t (17) ϭ 1.15; p ϭ 0.27; data not shown), indicating that lidocaine infusions did not interfere with sensory and motivational requirements of this task.
Inactivation of the ACC with CNQX reversibly disrupts expression of remote spatial memory
Lidocaine is a sodium channel blocker and therefore suppresses neuronal activity of both excitatory and inhibitory neurons in the ACC, as well as fibers of passage (Sandkuhler et al., 1987) . To evaluate whether excitatory transmission is necessary for expression of remote spatial memories, we used the AMPA receptor antagonist, CNQX . Mice were trained for 3 d in the hidden version of the water maze, and then tested 30 d later.
During training, mice learned to find the platform (F (2,26) ϭ 64.03; p Ͻ 0.001), and there were no differences in escape latencies between mice assigned to the PBS and CNQX drug groups [no significant group (F (1,13) ϭ 2.08; p ϭ 0.17) or group by training day interaction (F (2,26) ϭ 1.66; p ϭ 0.21)]. CNQX infusion before the probe test blocked expression of remote spatial memory (significant group by zone interaction: F (1,13) ϭ 5.00; p Ͻ 0.05) (Fig. 6a) , indicating that CNQX produces similar effects to lidocaine when infused into the ACC. Post hoc analyses confirmed that whereas PBS-treated mice searched selectively, CNQX-treated mice spent equivalent time searching the target versus other zones ( p Ͻ 0.05). These results suggest that activity of intrinsic excitatory neurons in the ACC is critical for the expression of remote spatial memory.
CNQX infusion suppresses neural activity for ϳ60 min and, therefore, these infusions should only transiently disrupt expression of spatial memory. To test whether the effects of the CNQX infusions were reversible, mice were tested drug-free 4 d later. In this test, both groups of mice (those previously treated with CNQX and those previously treated with PBS) searched selectively in the target area of the pool for the platform [significant main effect of zone: F (1,13) ϭ 26.31, p Ͻ 0.001; no significant group (F (1,13) ϭ 2.55; p ϭ 0.13), or group by zone interaction (F (1,13) ϭ 1.21; p ϭ 0.29)] (Fig. 6b) , indicating that the effects of CNQX were reversible, and likely did not produce any permanent damage in the ACC.
Performance in remote probe tests depends on distal visual cues
Targeted search strategies in the water maze depend on the formation of an accurate, allocentric representation of the distal cues surrounding the maze (O' Keefe and Nadel, 1978; Eichenbaum et al., 1990) . To test whether remote spatial memory depended on these distal cues in our water maze, we performed two additional probe tests on the mice above with these distal cues either (1) present or (2) obscured by a black curtain. All mice Figure 6 . Effects of CNQX inactivation of ACC on remote spatial memory. In this experiment, mice were trained in the hidden version of the water maze, and their spatial preference evaluated in a series of probe tests. Thirty days after training, mice were given a remote probe test after intra-ACC infusions of either PBS or CNQX (a). These mice were subsequently retested 4 d later, drug-free (b). Finally, these same mice were given two more probe tests: one in which the distal visual cues present (c), the other with these cues obscured by a black curtain (d). were tested drug free. As expected, with the distal cues present, both groups of mice concentrated their search in the target zone compared with other zones (significant main effect of zone: F (1,13) ϭ 22.80; p Ͻ 0.001) (Fig. 6c) . However, when these cues were obscured, neither group searched selectively (zone: F (1,13) ϭ 1.46; p ϭ 0.25) (Fig. 6d) . The order of the two tests (cues present vs cues obscured) was counterbalanced, and so the lack of spatial bias in the probe test with the cues removed cannot be attributed to extinction. Rather, these results indicate that spatial performance in these probe tests depends on an allocentric representation of the extramaze distal cues.
Discussion
Our results establish a role for the ACC in the expression of remote spatial memory. Using a water-maze task, we found that increased activation of the ACC correlated with expression of remote (but not recent) spatial memory. Conversely, we found that inactivating the ACC disrupted performance only in tests of remote spatial memory. This disruption of remote memory was observed in two different mouse strains after training with either a hidden or visible platform in a constant location, and using either lidocaine or the AMPA receptor antagonist CNQX. Together, these results establish that activity in neurons intrinsic to the ACC is critical for processing remote spatial memories.
The hippocampus and remote spatial memory
Previous studies have examined the impact of post-training hippocampal lesions on water-maze memory (Bolhuis et al., 1994; Mumby et al., 1999; Sutherland et al., 2001; Clark et al., 2005a,b; Martin et al., 2005) . In each of these studies, hippocampal lesions disrupted spatial memories, regardless of the interval between training and surgery. This was the case even after extensive pretraining in the water maze (Clark et al., 2005b) , partial lesions of hippocampus (Clark et al., 2005a; Martin et al., 2005) , when extended delays between training and surgery were used (Clark et al., 2005a) , when water mazes with reduced spatial complexity were used (Clark et al., 2005a) , or when reminders to aid retrieval were used (Martin et al., 2005) . Similarly, we found no evidence for a graded effect on recent versus remote spatial memory after inactivation of the dorsal hippocampus, consistent with a recent study using similar inactivation approaches in rats (Broadbent et al., 2006) . This temporally ungraded pattern is distinct from the timedependent role of the hippocampus in some other tasks that also involve processing spatial information [e.g., contextual fear conditioning (Kim and Fanselow, 1992; Anagnostaras et al., 1999) ; 5-arm discrimination (Maviel et al., 2004) ]. In particular, using similar approaches, we previously showed that the hippocampus is activated after recent, but not remote, contextual fear memory testing (Frankland et al., 2004) , suggesting that the hippocampus plays only a temporary role in the expression of contextual fear memories. In contrast, our gene expression and inactivation studies suggest that the hippocampus is continuously needed for the expression of a water-maze memory. There are perhaps two key differences between the water maze and contextual fear conditioning that may account for this discrepancy.
First, the hippocampus may be important for the expression of spatial memories that require animals to navigate through space, as in the water maze. In such tasks, hippocampal activity may be required to continuously integrate both idiothetic (selfmotion cues) and allothetic (e.g., distal visual cues) information to successfully navigate to the escape platform (for discussion, see Clark et al., 2005a; Martin et al., 2005) . Consistent with this, we found robust hippocampal Fos expression in both the visible/ fixed and visible/variable groups, suggesting that navigational demands of the water maze alone significantly engage the hippocampus. Presumably, abolition of this activity interferes with the expression of remote (as well as recent) water maze memories, in part, by affecting the animal's ability to integrate idiothetic and allothetic information. Second, the hippocampus may always be necessary for rich, detailed spatial representation of environments (Rosenbaum et al., 2000; Winocur et al., 2005; Moscovitch et al., 2006) , and such precise representations may be essential for the continued expression of a water-maze memory. This contrasts with contextual fear conditioning where mice tend to show generalized freezing at remote time-points (Balogh et al., 2002) , suggesting that as these memories age they become less precise. The important distinction here is that although precision (and presumably hippocampal involvement) may not be necessary for the continued expression of a contextual fear memory, it is perhaps essential for the expression of a water-maze memory in which mice must remember a specific location in an otherwise relatively featureless environment. The application of pharmacological and/or genetic approaches that can temporally limit disruption to either the consolidation period or to testing will help to discriminate between these performance (navigation) and mnemonic (precision) accounts of water-maze deficits after hippocampal inactivation (Riedel et al., 1999; Wang et al., 2003; Cui et al., 2004; Micheau et al., 2004) .
The ACC and remote spatial memory
Although we found that the hippocampus is always required for the expression of water-maze spatial memories, our key finding is that as these memories mature they become additionally dependent on the ACC. The effects of ACC inactivation on memory expression were selective, not only in terms of the remoteness of the memory to be retrieved, but also in terms of the type of memory affected. Successful performance in a probe test depends on a number of potentially dissociable memory systems (Micheau et al., 2004) ; an animal must remember both where to search and also how to search. More detailed analysis of probe test performance showed that ACC inactivation appeared to spare more procedural (how to) aspects of water maze memory. For example, lidocaine-treated mice did not behave like naive mice in the remote probe test. Rather, these mice still spent substantially less time in the periphery of the pool than they did at the beginning of training, indicating that memory for certain strategies (such as avoiding the walls of the pool) was not affected. In addition, lidocaine inactivation of the ACC did not impair the ability of mice to swim to a marked platform, indicating that these infusions did not interfere with sensory and motivational requirements of this task.
These data begin to identify a set of regions that play essential roles in the continued expression of a spatial memory, and suggest that circuits supporting expression of these spatial memories are reorganized in a time-dependent manner. We found that eliminating activity in the dHPC or the ACC completely disrupted expression of remote spatial memory. Also likely to play an essential role is the entorhinal cortex (Remondes and Schuman, 2004; Steffenach et al., 2005) , a region that sits at the interface between the hippocampus and neocortex. For example, lesions of the dorsolateral band of the entorhinal cortex disrupt expression of a previously acquired spatial memory (Steffenach et al., 2005) . These regions participate in what is very likely to be a much broader forebrain network that contributes to different aspects of spatial cognition. For example, this network may in-clude the retrosplenial and parietal cortices, regions that play important roles in representing spatial information in allocentric and egocentric frameworks, respectively . In addition, this network may include the infralimbic and prelimbic cortices because neural activity in these regions correlates with motivational aspects of performance (e.g., representation of goal locations) (Hok et al., 2005) . However, whereas inactivation of the ACC or dHPC completely abolished remote spatial memories, lesions of the retrosplenial, parietal, infralimbic, and prelimbic regions typically only have mild effects on spatial behavior (Warburton et al., 1998; Aggleton et al., 2000; Hoh et al., 2003) . This suggests that the ACC and the hippocampus may play more essential roles in distributed forebrain networks supporting remote spatial memory.
The role identified here for the ACC in remote spatial memory parallels its role in remote memory for other types of information (Frankland and Bontempi, 2005) . For example, the ACC is activated after remote memory recall in a number of tasks (Bontempi et al., 1999; Frankland et al., 2004; Maviel et al., 2004) . Conversely, inactivation of the ACC disrupts recall of remote fivearm discrimination (Maviel et al., 2004) and contextual fear (Frankland et al., 2004) memories, and lesions of the mPFC (that include the ACC and prelimbic cortex) block remote (month old) trace eye-blink memories (Takehara et al., 2003) . The present results extend this list to include a purely spatial memory; one that requires the mouse to navigate to a fixed point in space using an allocentric representation of a remotely learned environment.
The exact nature of the role the ACC plays in remote memory is less clear, however. One outstanding issue is whether the ACC is important for memory storage or memory retrieval. The ACC is a functionally heterogeneous structure, and activity in the ACC is related to a number of cognitive [e.g., error detection, effortful recall, attention (Carter et al., 1999; Miller, 2000) ], motor [e.g., preparation and execution of movement (Paus, 2001) ], and sensory [e.g., pain (Price, 2000; Zhuo, 2005) ] functions. Although a small proportion of cells within the dorsal ACC exhibit place fields (Hok et al., 2005) , the role of the ACC in remote memory appears to be conserved across tasks, regardless of whether they are spatial or nonspatial. The ACC is highly interconnected to other prefrontal regions, and is reciprocally connected to sensory, motor, and limbic cortices (Uylings et al., 2003; Jones et al., 2005) . This connectivity places the ACC in a hub-like position, and therefore raises the possibility that this region coordinates retrieval of remote memories stored in distributed cortical networks. 
